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Abstract
If there is an additional U(1) symmetry under which Standard Model particles
are singlets, then there can be mixing between the additional gauge boson and
the hypercharge gauge boson. This can lead to a very light, but weakly coupled
“dark” gauge boson, the Zd, with a mass of O(1) GeV. If the Zd gets its mass
from a Higgs singlet, it is called a dark photon; whereas if there is a second Higgs
doublet, it is called a dark Z. We look at charged Higgs boson decays in the dark Z
model. If the charged Higgs mass is between 90 GeV and 170 GeV, then its primary
two-body decays are H+ → τν and H+ → W+Zd. The former is suppressed by
the small tau mass-squared and by 1/ tan2 β, whereas the latter is suppressed by
a loop and a small mixing. We find that for much of the allowed parameter-space
H+ → W+Zd will dominate. Since Zd decays to a lepton pair much of the time,
this leads (using Drell-Yan pair production) to pp → H+H− → W+W− plus two
highly collimated “lepton jets”. Current bounds on lepton jets from ATLAS come
close to constraining some of parameter space, and a dedicated search using the
2012 data would substantially improve the coverage.
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1 Introduction
The discovery of the Higgs boson[1] of the Standard Model has been a great success of the
Large Hadron Collider (LHC). The LHC will now continue high precision measurements
of the Higgs boson properties and will also search for direct evidence of physics beyond the
Standard Model (BSM). Although the LHC now dominates the energy frontier, numerous
experiments are searching for BSM physics at the intensity frontier.
Some of the most interesting of these experiments are searches for “dark photons”.
These are gauge bosons, with a mass between a few MeV and a few GeV, of a new U(1)
symmetry under which the Standard Model fields are all singlets[2]. The interaction with
Standard Model states arises from kinetic mixing with the photon[3]. If this mixing is
small, the interaction with Standard Model particles is small, and the dark photon would
have evaded detection.
A recent motivation for dark photons is the high-energy positron excess in the FERMI-
LAT [4] and PAMELA[5] data. If the dark photons aren’t too heavy, they will only be able
to decay leptonically, and dark matter pair annihilation into dark photons can explain this
excess[6]. Constraints from the magnetic moments of the electron and muon imply that
the coupling to matter is quite weak, with αdark ≤ 10−6αem. Such a small coupling might
not be unnatural if the kinetic mixing term arises from higher-dimensional operators, such
as loops of heavy particles charged under both gauge groups; it will here be taken as a free
parameter. In recent years, there has been extensive discussion of dark photons in the
literature[7], and there are numerous bounds which have been found, as well as several
new fixed target experiments[8].
It has generally been assumed that the dark photon gets its mass either through a
Stuckelberg mechanism or through the vacuum expectation value of a gauge singlet. How-
ever, the U(1)dark symmetry has a substantial advantage for two Higgs doublet models.
These models [9] naturally have tree level flavor-changing neutral currents, and these can
only be suppressed with a Z2 symmetry. However, if one of the two Higgs doublets has a
U(1)dark charge, then this is sufficient to suppress flavor-changing neutral currents without
any additional symmetry. This would correspond to a Type I 2HDM[9]. An immediate
consequence of such a gauge symmetry is mixing between the Z and the Zd in the mass
matrix. This is the dark-Z model[10, 11]. In short, mixing between the gauge bosons
of the two U(1) sectors can occur either via kinetic mixing (dark photon), mass matrix
mixing (pure dark Z), or both. In general, both can occur.
Although the decays of the neutral Higgs boson has been studied in the model[11],
there has been very little discussion of charged Higgs decays [12]. In this paper, we
consider light charged Higgs bosons in the 90 − 170 GeV range. In the Type I 2HDM,
constraints from low-energy processes are extremely weak, and detection through top
quark decays is suppressed for moderate to large tan β, where tan β is the ratio of Higgs
vacuum expectation values. As a result, charged Higgs bosons in the 90− 170 GeV range
are phenomenologically acceptable.
In this range, in the usual type I 2HDM, the only substantial decay of the charged
Higgs is H+ → τν, and that decay is the subject of all experimental searches. All other
decays (such tb¯,WH,WZ are not kinematically allowed as two-body decays). However,
in the dark Z model, there is an additional two-body decay, H+ → W+Zd, which might
2
be competitive. While suppressed by a loop and small mixing, the H+ → τν decay is
suppressed by two powers of mτ and two powers of 1/ tan β. In this paper, we will consider
this decay in the dark Z model.
2 The Model
The dark photon or Z arises from an additional U(1) gauge symmetry under which all
Standard Model fields are singlets. The interaction with the Standard Model fields arise
from kinetic mixing with the U(1) hypercharge bosons:
Lgauge = −1
4
BµνB
µν +
1
2

cos θW
BµνZ
µν
d −
1
4
ZdµνZ
µν
d
Bµν = ∂µBν − ∂νBµ Zdµν = ∂µZdν − ∂νZdµ
(1)
where  is a parameter that is to be determined experimentally. If it arises through higher
dimension operators (for example, through loops with new particles that are nonsinglets
under both U(1)s), then one would expect it to smaller than approximately 10−3. One
can then redefine the fields to remove the cross term:
Bµ → Bµ + 
cos θW
Zdµ (2)
leading to
Aµ → Aµ + Zdµ
Zµ → Zµ −  tan θWZdµ,
(3)
one finds that the induced coupling of the Zd is proportional to the electromagnetic
current. The proportionality constant is , and thus the interaction is quite weak. This
Zd is called the “dark photon”.
As first pointed out in Ref. [10], if one has two Higgs doublets, one of which is charged
under the dark U(1), then there will generally be mixing in the Z − Zd mass matrix. As
shown there, including the possibility of a Higgs singlet as well,
M20 = m
2
Z
(
1 −ξ
ξ m2Zd/m
2
Z
)
(4)
where ξ is a small parameter. In Ref. [12], ξ is parameterized by ξ = Z +  tan θW , which
separates out the term from kinetic mixing (the  term) from the one associated with the
Z − Zd mixing from the Higgs doublet that is charged under U(1)d. One can show that
Z =
mZd
mZ
cos β cos βd, (5)
where tan βd ≡ vd/v1, where vd is the singlet vev, and v1 is the vev of the doublet with
nonzero U(1)d charge. If there is no singlet, then cos βd = 1. The authors of Ref. [10]
show that considerations of low energy parity violation, the muon anomalous magnetic
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moment, B decays and K decays force cos β cos βd to be less than approximately 0.01 if the
Zd mass is below the B mass. Thus, a singlet is necessary in the model, since cos β cannot
be as small as 0.01 without serious problems with unitarity and perturbation theory[9].
The scalar potential is, with the dark charge of Φ1 and ΦS of +1 and Φ2 having no
dark charge,
V = V1 + V2
V1 = m
2
11Φ
†
1Φ1 +m
2
22Φ
†
2Φ2 +
λ1
2
(Φ†1Φ1)
2 +
λ2
2
(Φ†2Φ2)
2 + λ3(Φ
†
1Φ1)(Φ
†
2Φ2) + λ4(Φ
†
1Φ2)(Φ
†
2Φ1)
V2 = m
2
33Φ
†
SΦS +
λ6
2
(Φ†SΦS)
2 (6)
with all coefficients real. Note that a quadratic mixing term and a λ5
2
[(Φ†1Φ2)
2 + (Φ†2Φ1)
2]
term are forbidden by the U(1)dark symmetry. We will assume that the mixing terms
λ7(Φ
†
1Φ1)(Φ
†
SΦS) +λ8(Φ
†
2Φ2)(Φ
†
SΦS) are negligible. This is a simplification and we do not
expect that relaxing the assumption will qualitatively affect our results.
The potential as stated above contains a U(1)3 symmetry, in which each U(1) corre-
sponds to a different Higgs field. Two of these, of course, are the U(1)Y and U(1)dark gauge
symmetries. The other is a global symmetry (if in the doublet sector only, this would
be a Peccei-Quinn symmetry) whose breaking results in an electroweak axion, which is
phenomenologically unacceptable (and any attempt to break the symmetry at a very high
scale will also break the U(1)dark symmetry). However, one can add a (λ9σΦ
†
1Φ2ΦS +h.c.)
term which satisfies the gauge symmetries and breaks the additional global symmetry.
Here, σ is an arbitrary mass scale. This leads to the pseudoscalar mass-squared being a
free parameter, proportional to λ9σ, and some of the trilinear scalar couplings are also
proportional to λ9σ.
The scalar masses can be calculated from this potential. The CP-odd scalar mass
matrix has two zero eigenvalues and a nonzero eigenvalue given by
m2A = −
λ9σv sin β tan βd(csc
2 β + cot2 βd)√
2
. (7)
The charged scalar mass matrix has one zero eigenvalue and a nonzero eigenvalue given
by
m2H± = −
1
2
(
λ4v
2 +
√
2λ9σv csc β tan βd
)
. (8)
The CP-even scalar mass matrix can be written as Av2 + λ9σv∆M where
A =
 λ1 cos2 β (λ3 + λ4) sin β cos β 0(λ3 + λ4) sin β cos β λ2 sin2 β 0
0 0 λ6 cos
2 β tan2 βd
 (9)
and
∆M =
1√
2
− sin β tan βd cos β tan βd sin βcos β tan βd cos β cos βd cos β
sin β cos β sin β cos βd
 (10)
In presenting the relevant scalar couplings, we will expand this perturbatively for
small λ9σ, but we have checked that our conclusions will not be altered by using the full
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expression. Note that the full expression will not involve the usual parameter α, which
diagonalizes the upper two-by-two block, but rather elements of the full rotation matrix.
This expansion is reasonable since, as shown in Ref. [10], tan βd must be fairly large, and
thus λ9σ will be small unless the pseudoscalar mass is well above a few hundred GeV.
3 Analysis
Our procedure in calculating H+ → W+Zd will parallel the H+ → W+Z calculation of
Kanemura[13]. Kanemura used the Feynman-’t Hooft gauge and constructed the ampli-
tude from summing approximately 800 one-loop diagrams, including tadpoles. We have
a similar number of diagrams and follow his procedure. We have a similar number of
diagrams.
We have used the FeynArts 3.8, FormCalc 8.2 and LoopTools 2.8 packages[14]. A
Two Higgs Doublet Model file is included in these packages. In this model, however, the
relevant terms coming from the covariant derivatives of the two doublets and the singlet,
the scalar potential, as well as changes to other vertices with CP-even scalar were fully
recalculated and rewritten, motivated mainly by the new mixing between the three CP-
even scalars and the contribution from σλ9 to all the masses and couplings. We have
checked that using these packages and following our procedure reproduces Kanemura’s
results.
The relevant scalar trilinear and quadrilinear couplings are given in the Appendix.
The free parameters in the calculation1 are the charged Higgs mass, tan β, tan βd, α, ,
ξ and the pseudoscalar mass, mA (which is directly related to λ9σ). As we will see, the
branching ratio for H+ → W+Zd is fairly insensitive to α and depends in a simple way
on  and ξ, and thus the results can be presented without needing to use a scatter-plot
covering the parameter-space.
We impose several constraints on the parameters. The most severe, discussed in great
detail in Ref. [10], come from K and B decays. As noted earlier, the strongest bound,
if mZd is less than the B mass, comes from B decays and gives tan β tan βd > 100. In
addition, there is an upper bound on  and ξ coming from a wide variety of low energy
experiments. An extensive and recent review can be found in Ref. [15], and show that a
variety of experiments require that  and ξ be less than approximately 10−3, with some
experiments ruling out values up to two orders of magnitude smaller in the mass range
below 100 MeV.
4 Results
In the results presented, the constraint cos(β − α) = 0 is used. Values of α which keep
cos(β − α) within the range [−0.5, 0.5] were considered, as required by measurements of
Higgs decays at the LHC, and it was found that the result for the width will, throughout
this range, vary by no more than a factor of 2. The masses of the CP-even scalars are taken
1There is a very weak dependence on the neutral scalar masses, which appear in loops, but we have
checked that this dependence is negligible.
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to be mh = 126GeV, mH = 200GeV and mhs = 20GeV and for the CP-odd massive scalar
mA > 70GeV. The latter will avoid the necessity of considering H
+ → W+A0 (and the
decay H+ → W+hs is negligible). The condition discussed above that tan β tan βd > 100,
combined with the requirement that tan β is not much larger than 10 from unitarity
constraints[9], requires tan βd to be big.
The results will, to a good approximation, depend only on Z ≡ ξ −  tan θW . Note
that Eq. 5 relates this to the Zd mass, tan β and tan βd. Including the condition mZd .
O(1GeV) we find that the parameters  and ξ are required to be of order . 10−4, which
is well within the phenomenologically acceptable region.
The calculation was made for values of tan β from 4 to 10, tan βd from 20 to 50, and Z
from 10−7 to 10−4. Results are plotted in the form of R ≡ Γ(H+ → W+Zd)/Γ(H+ → τν).
Since the only other two body decay is H+ → τν, one can easily extract the branching
ratio from these.
In Figure 1a, we have plotted the ratio of widths for tan β = 6 and MZd = 1GeV as
a function of the charged Higgs mass for various values of Z , and in Figure 1b, we fix
Z = 10
−5 and vary MZd . We see that to a very good approximation, the ratio of widths
varies quadratically with Z , as expected since this vertex will appear linearly in most
of the diagrams. We also see that the ratio of widths varies inversely with the square of
the Zd mass. This is also expected since the polarization sum over the final states will
result in such a dependence (see Ref. [10] for a detailed discussion). As a result of these
dependences, we can factor those parameters out in looking at the dependence of other
parameters. This avoids the need for a scatter plot.
In Figures 2a and 2b, we have shown the variation of the ratio of widths for various
values of tan βd (Fig. 2a) and tan β (Fig. 2b). To a good approximation, the dependence
on tan βd is inverse quadratic (this is not exact, but is numerically rather accurate). The
decay of the charged Higgs into τν is suppressed by tan2 β, resulting in the increase in
the ratio shown in Fig. 2b.
Finally, another variable to be considered is the mass of the pseudoscalar. The pa-
rameter combination σλ9 can be rewritten in terms of mA, and ratio of the widths will
depend on the angles β and βd . The results from variations of mA are shown in Fig. 3.
From these figures, it is clear that the H+ → W+Zd decay dominates over H+ → τν
for a wide range of parameters if the charged Higgs mass is below 170 GeV. Are there other
decays? The decay H+ → cs¯ is always approximately [9] equal to 40% of the H+ → τν
decay, and thus the conclusion is unchanged. The three body decay into a virtual top
and a bottom is also substantially smaller than H+ → τν [9], and the three-body decay
H+ → hW+∗ is proportional to cos2(β − α) and is thus suppressed. We conclude that in
the dark Z model, the decay of a charged Higgs with mass between 100 and 170 GeV will
be primarily into W+Zd.
5 Summary and Conclusions
We see that the H+ → W+Zd decay can be the dominant decay for much of parameter-
space, if one chooses reasonable values of 10−3 − 10−6 for the mixing parameters. How
would this be detected?
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Figure 1: The value of R ≡ Γ(H+ → W+Zd)/Γ(H+ → τν). In (a), Z is varied and the
quadratic dependence can be seen, while in (b), mZd is varied and one can see the inverse
quadratic dependence. Note that in both figures, tan βd can be determined from Eq. 5.
One sees that H+ → W+Zd dominates for much of the parameter range.
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Figure 2: The value of R ≡ Γ(H+ → W+Zd)/Γ(H+ → τν) is shown as one varies (a)
tan βd and (b) tan β. We take Z to be 10
−5 in both figures (the dependence is explicit
in Figure 1(a)) and take mA = 100 GeV. In (a), we take tan β = 6, while in (b) we take
tan βd = 30. These parameters are related by Eq. 5.
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Figure 3: The value of R ≡ Γ(H+ → W+Zd)/Γ(H+ → τν) for varying values of mA.
Again, we choose Z = 10
−5 and tan βd = 30.
As noted in Ref. [10], the partial widths of the Zd are, ignoring fermion masses,
Γ(Zd → ff¯) ' NC
48pi
2Zg
2
Z
(
g′2V f + g
2
Af
)
mZd , (11)
where gAf ≡ −T3f and g′V f ≡ T3f − 2Qf
(
sin2 θW − (/Z) cos θW sin θW
)
. NC = 3 (1)
for quarks (leptons). For Zd masses in the sub-GeV range, fermion masses and hadronic
effects can’t be neglected and are in fact substantial. In Ref. [16], it was argued that
dark photons will decay with individual leptonic branching ratios of between 10% and
40% over the relevant mass range. For the Zd, the branching ratios will be different and
will depend on /Z . For definitiveness, we will take the branching ratio into a muon pair
to be 20%, but will assign a factor of two uncertainty to this number.
Since the model is a type I 2HDM and tan β is not small, the couplings of the charged
Higgs to fermions will be strongly suppressed. At the LHC, one will thus be able to
produce a charged-Higgs pair through a photon or a Z. A substantial part of the time,
each charged Higgs will decay into a W and a Zd, which will then yield a highly collimated
muon pair jet, referred to as a “lepton jet”, roughy 20% of the time. Let σprod be the Drell-
Yan production cross section of a charged Higgs pair, let BHWZ be the branching ratio
for H+ → W+Zd, calculated above, and let BZµµ be the branching ratio for Zd → µ+µ−,
which is within a factor of two of 20%. The production rate for W+W− plus two muon
lepton jets is then
σprodBHWZB
2
Zµµ (12)
The Drell-Yan production cross section for a charged Higgs pair at the LHC has most
recently been given by Wouda, et al [17]. As the charged Higgs mass varies from 80 GeV
to 150 GeV, the cross section decreases from 100 fb to 10 fb for an 8 TeV LHC, with
approximately a factor of two increase for at 14 TeV. Choosing BHWZ = 1, as shown
above for much of parameter-space, and 20% for BZµµ, one finds (for the low end of the
Higgs mass range) a production rate for W+W− plus two muon lepton jets of 4 fb.
ATLAS[18] has looked explicitly for prompt muon lepton jets using their 2011 data
(5/fb at 7 TeV). In one of their analyses, they look for two muon lepton jets and ignore
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the rest of the events. They find an upper bound which varies slightly, over the sub-GeV
range of Zd masses, of approximately 18 fb.
Even with the uncertainties, this is somewhat above the expected range. However, they
did ignore the rest of the event, and the signature in this model is rather unique, with an
additional pair of W -bosons. Focusing on the particular signature of this model (including
the fact that the kinematics is all two-body) would lead to a substantial improvement
and would likely fall within the expected range. Furthermore, over five times as much
luminosity was collected in 2012, and that would lead to even more substantial coverage.
It is clear that a more sophisticated analysis of this model at ATLAS or CMS, using the
2012 data, could cover a substantial portion of the parameter-space of the model.
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Appendix
The vertex factors shown here correspond to changes to those of the Two Higgs Doublet
Model after the inclusion of a new Zd boson and a scalar singlet. Only the vertices relevant
to the calculation of H+ → W+Zd are listed. In addition to changes from the λ9σ term
discussed in the text, the primary changes come from the redefinition of the fields Aµ and
Zµ (see Ref. [10] for a detailed discussion).
A→ A+ Z0d (13)
Z → Z0 −  tan θWZ0d (14)
together with the rotation of the Z0 and Z0d states into the mass eigenstates Z and Zd
with (
Z
Zd
)
=
(
cos ξ − sin ξ
sin ξ cos ξ
)(
Z0
Z0d
)
(15)
giving a final redefinition of the initial Aµ and Zµ fields into the mass eigenstates
A→ A+  sin ξZ −  cos ξZd (16)
Z → (cos ξ +  tan θW sin ξ)Z + (sin ξ −  tan θW cos ξ)Zd (17)
= c1Z + c2Zd (18)
Some simplifying notation:
cW = cos θW , sW = sin θW
cξ = cos ξ, sξ = sin ξ
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cβα = cos(β − α), sβα = sin(β − α)
cαβ = cos(α + β), sαβ = sin(α + β)
Note that we also refer to gZd in the vertices. This is related to the parameter c2 above
[10] through 2gZd cos
2 β = gZc2.
The symbols used are as follows: H±, G± are the charged scalars; G1, G2 and η′ are
the CP-odd scalars; and H, h and φs are the CP-even neutral scalars.
one CP-even, one CP-odd and one Z or Zd
C[h,G1, Z] = c1
esβα
2cW sW
− gZdsαcβsξ (19)
C[h,G2, Z] =
c1esβ cot(βd)cβα
2sW cW
√
s2β cot
2(βd) + 1
+
gZdsαs
2
β cot(βd)sξ√
s2β cot
2(βd) + 1
(20)
C[h, η′, Z] =
c1e tan(βd)(cα cot(β) + sα)
2cW sW
√
csc2(β) tan2(βd) + 1
+
tan(βd)gZdsαsξ√
csc2(β) tan2(βd) + 1
(21)
C[H,G1, Z] =
c1ecβα
2sW cW
+ gZdcαcβsξ (22)
C[H,G2, Z] = − sβ cot(βd)c1esβα
2cW sW
√
s2β cot
2(βd) + 1
− sβ cot(βd)gZdcαsβsξ√
s2β cot
2(βd) + 1
(23)
C[H, η′, Z] = − tan(βd)c1e csc(β)sβα
2cW sW
√
csc2(β) tan2(βd) + 1
− tan(βd)gZdcαsξ√
csc2(β) tan2(βd) + 1
(24)
C[h,G1, Zd] = c2
esβα
2cW sW
+ gZdsαcβcξ (25)
C[h,G2, Zd] =
sβ cot(βd)ecβα
2cW sW
√
s2β cot
2(βd) + 1
− sβ cot(βd)gZdsαsβcξ)√
s2β cot
2(βd) + 1
(26)
C[h, η′, Zd] =
tan(βd)c2e(cα cot(β) + sα)
2cW sW
√
csc2(β) tan2(βd) + 1
− tan(βd)gZdsαcξ)√
csc2(β) tan2(βd) + 1
(27)
C[H,G1, Zd] = c2
ecβα
2cW sW
− gZdcαcβcξ (28)
C[H,G2, Zd] = − sβ cot(βd)c2esβα
2cW sW
√
s2β cot
2(βd) + 1
+
sβ cot(βd)gZdcαsβcξ√
s2β cot
2(βd) + 1
(29)
C[H, η′, Z ′] = − tan(βd)c2e csc(β)sβα
2cW sW
√
csc2(β) tan2(βd) + 1
+
tan(βd)gZdcαcξ√
csc2(β) tan2(βd) + 1
(30)
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C[φs, G2, Z] = − gZdsξ√
s2β cot
2(βd) + 1
(31)
C[φs, η
′, Z] =
gZdsξ√
csc2(β) tan2(βd) + 1
(32)
C[φs, G2, Zd] =
gZdcξ√
s2β cot
2(βd) + 1
(33)
C[φs, η
′, Zd] = − gZdcξ√
csc2(β) tan2(βd) + 1
(34)
Two charged scalars and Z or Z ′
C[H+, H−, Z] = ic1e cot(2θW ) + iesξ +
1
2
igZd cos(2β)sξ −
1
2
igZdsξ (35)
C[H+, H−, Zs] = ic2e cot(2θW )− iecξ − 1
2
igZd cos(2β)cξ +
1
2
igZdcξ (36)
C[G+, G−, Z] = ic1e cot(2θW ) + iesξ − 1
2
igZd cos(2β)sξ −
1
2
igZdsξ (37)
C[G+, G−, Zd] = ic2e cot(2θW )− iecξ + 1
2
igZd cos(2β)cξ +
1
2
igZdcξ (38)
one charged scalar, one charged W and one Z or Z ′
C[G+,W−, Z] = −imW [tW ec1 + sξ(gZd cos(2b)− e+ gZd)] (39)
C[G+,W−, Zd] = −imW [tW ec2 − cξ(gZd cos(2b)− e+ gZd)] (40)
C[G−,W+, Z] = C[G+,W−, Z] (41)
C[G−,W+, Zd] = C[G+,W−, Z ′] (42)
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two scalar, two gauge bosons
C[H−, h,W+, Z] =
ie
2
[
ecβα
(
sξ
sW
− c1
cW
)
− 2gZdsαsβsξ
sW
]
(43)
C[H−, H,W+, Z] =
ie
2
[
esβα
(
sξ
sW
− c1
cW
)
+
2gZdcαsβsξ
sW
]
(44)
C[G−, h,W+, Z] = −ie
2
[
esβα
(
sξ
sW
− c1
cW
)
+
2gZdcβsαsξ
sW
]
(45)
C[G−, H,W+, Z] =
ie
2
[
−cβα
(
c1e
cW
+
sξ(gZd − e)
sW
)
− gZdsξcαβ
sW
]
(46)
C[H−, h,W+, Zd] =
ie
2
[
2gZdsαsβcξ
sW
− ecβα
(
c2
cW
+
cξ
cW
)]
(47)
C[H−, H,W+, Zd] =
ie
2
[
esβα
(
c2
cW
+
cξ
sW
)
− 2gZdcαsβcξ
sW
]
(48)
C[G−, h,W+, Zd] = −ie
2
[
esβα
(
c2
cW
+
cξ
sW
)
− 2gZdcβsαcξ
sW
]
(49)
C[G−, H,W+, Zd] = −ie
2
[
ecβα
(
c2
cW
+
cξ
sW
)
− 2cξcαcβgZd
sW
]
(50)
Fermions to Z or Z’
C[t¯L, tL, Z] = ie
{
−2sξ
3
+
c1(4s
2
W − 3)
6cW sW
}
, (51)
C[t¯L, tL, Z
′] = ie
{
2cξ
3
+
c2(4s
2
W − 3)
6cW sW
}
, (52)
C[t¯R, tR, Z] = ie
{
−2sξ
3
+
2c1sW
3cW
}
, (53)
C[t¯R, tR, Z
′] = ie
{
2cξ
3
+
2c2sW
3cW
}
, (54)
three scalar vertices
C[G+, G−, φs] =
iem2Acβ cot βd
mW sW (csc2 β + cot
2 βd)
(55)
C[H+, H−, φs] =− iem
2
Acβ cot βd
mW sW (csc2 β + cot
2 βd)
(56)
C[H+, G−, φs] =
iem2Ac2β csc β cot βd
2mW sW (csc2 β + cot
2 βd)
(57)
C[H−, G+, φs] =C[H+, G−, φs] (58)
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C[h,G2, G2] =
ie
mW sW
[
m2A csc
2 β cot2 βdsβα
(csc2 β + cot2 βd)
2
]
(59)
C[H,G2, G2] =
ie
mW sW
[
m2A csc β cot
2 βd(cα cot β + sα)
(csc2 β + cot2 βd)
2
]
(60)
C[h,A,A] =− ie
mW sW
[
m2A csc
2 β cot2 βdsβα
(csc2 β + cot2 βd)
2
]
(61)
C[H,A,A] =
ie
mW sW
[
−m
2
A csc β cot
2 βd(cα cot β + sα)
(csc2 β + cot2 βd)
2
]
(62)
C[h,A,G1] =
ie
2mW sW
[
m2A cot βd(cα cot β + sα)
(csc2 β + cot2 βd)
√
csc2 β tan2 βd + 1
]
(63)
C[H,A,G1] =
ie
2mW sW
[
− m
2
A csc β cot βdsβα
(csc2 β + cot2 βd)
√
csc2 β tan2 βd + 1
]
(64)
C[h,A,G2] =
ie
4mW sW
 iem2A csc2 β csc2 βd(sβα) ((cos(2β)− 3) cos 2βd + 2c2β)
4
√
s2β cot
2 βd + 1 (csc2 β + cot
2 βd)
√
csc2 β tan2 βd + 1
 (65)
C[H,A,G2] =
ie
2mW sW
 m2A (csc β(cα cot β + sα)− cot2 βdcβα)
(csc2 β + cot2 βd)
√
s2β cot
2 βd + 1
√
csc2 β tan2 βd + 1
 (66)
C[H+, G−, A] =
e[2 cot βd(m
2
H± − 2m2A) + csc2 β tan βd(2m2H± −m2A)]
16mW sW sβ (csc2 β + cot
2 βd)
√
csc2 β tan2 βd + 1
(67)
C[H−, G+, A] =− C[H+, G−, A] (68)
These vertices are in addition to the usual vertices of the 2HDM. The neutral three
point vertices only appear in tadpoles and these diagrams give a very small contribution
to the final numerical results.
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